and OzHb affects the equilibrium between CO and hemoglobin) it seems rational by analogy to expect that in the reversible svst'em oxvhemoglobin-hemoglobinv " -1 methemoglobin-ferricyanide-ferrocyanide-02 the presence of ferricyanide and methemoglobin would affect the equilibrium between 02 and hemoglobin. In the experiments of Conant, and colleagues the concentrations of ferricyanide and of CO (or 02) were too high for there to be appreciable amount of reduced hemoglobin present; a search through the rest of the literature has equally failed to reveal any systematic data of the effect of methemoglobin on the oxyhcmoglobin dissociation curve.
In view of the theoretical interest of the matter and also of its possible clinical, industrial and even military importance we therefore decided to determine the effect of graded amounts of methemoglobin, made in several ways, upon the oxyhemoglobin dissociation curve.
To avoid uncertainties due to pH and other ionic effects we have worked mainly with solutions of washed red cells in 0.6 M phosphate buffer.
In this medium the dissociation curve in absence of methemoglobin is found to be practically the same as in whole blood in which the pH of the red cells is brought to the same value by CO2 instead of phosphate.
The progressive shift of the dissociation curve with increasing methemoglobin which we report below might thus be reasonably expected to occur under more physiological conditions. This we have confirmed by finding that the same shifts t8ake place when methemoglobin is formed in the circulating blood after subcutaneous injection of sodium nitrite, but that the dissociation curve returns to normal when t,he methemoglobin has had time to be reduced back again to ordinary hemoglobin by the natural reducing systems of the red cell. These results, with some theoretical and practical implications, are presented below.
METHODS
Am PROCEDURES.
We have used three methods for making methemoglobin from hemoglobin in vit]ro :
1. Addition of potassium ferricyanide 2. Incubation at pH 5.6 with low O2 pressures (5) 3. Addition of sodium nitrit'e Of these the first has been most1 fullv investigated and is the best understood. Accordingly we have done most of our work with ferricyanide and have used the other met,hods for special conditions and for elimination of effects specific to ferricyanide.
We have confirmed previous findings that 1 molecule of K3Fe-(CN)6 per atom of Fe in hemoglobin forms methemoglobin almost stoichiometrically.
The excess ferricyanide required to convert hemoglobin to methemoglobin, even when solutions were in equilibrium with 150 mm. Hg pressure of oxygen, was found to be only 5 per cent on the average.
The preparation of the hemoglobin solutions and of the phosphate buffers, as also the technique for determining the dissociation curves, were the same in the ferricyanide experiments as in all tlhe other experiments.
Details as to these common features are given in this section, whereas details special to each of the three methods of making methemoglobin are given at the outset of -the description of corresponding results.
Preparation of hemoglobin solutions. Fresh ox blood was obtained from a slaughter house and defibrinated immediately by shaking with glass beads. Human red cells were furnished through the courtesy of Dr. R. 1111. Ferry; they were the unused by-product in the collect#ion and concentration of serum proteins.
Both lots of red cells were centrifuged and washed with 1.5 per cent NaCl three times, minimal hemolysis was observed in the wash saline but the red cell mass obviously shrank under the action of the mildly hypertonic saline. Red cells after washing were frozen and stored in that state.
Small lots of these were thawed freshly for each experiment Generally the single freezing was sufficient for laking; on a few occasions repeated freezing was carried out to ensure laking.
In preparing the final dilutions of hemoglobin the recently thawed cells were mixed with about 3 their volume of distilled water (to reduce the high viscosity) and centrifuged perfectly clear.
to remove The oxygen the red cell ghosts.
The supernatant liquid was capacity, after the addition of the buffers and other solution, was usually 10 to 12 ~01s. per cent.
Phosphate solutions. (11) except that the gas phase in than 0.1 per the ton cent).
.ometer was almost COz-free (analysis u sual .ly showed less Barcroft type tonometers of about 300 cc. capacity were flushed with Nz and appropriate amounts of 02 were added from a gas burette. Four or 5 cc. of hemoglobin solution were added to each, the taps sealed with mercury and equilibration carried out for 15 minutes at 37' in a water bath. The solutions were then removed under water into small sampling tubes over mercury where they were stored in the ice box until analyzed.
The gas phase of the tonometers was analyzed after they had cooled to room temperature. Gas pressure in the tonometer, temperature and barometric pressure were measured at the time of taking the sample into the Haldane apparatus. From these the ~02 in the tonometer at 37' during equilibration was calculated. The hemoglobin solutions were analyzed for 02 from 1 or 2 cc. samples in the Van Slyke-apparatus.
Dissolved oxygen in the buffered mixture was calculated from Brooks' data, converting to the higher temperature of 37'. The factor at 37Owas taken as 0.0025 vol. per cent per mm. Hg of ~0,.
The oxygen capacity of each sample was determined by equilibrating the residual sample after the analysis for content at room temperature in an open flask.
At this temperature (25°C) the oxygen solubility factor of 0.0028 was used. figure 1 for the ox blood and figure 2 for the human.
The progressive shift to the left with increasing methemoglobin and the fading out of the S-shaped inflection are at once apparent.
Since ferricyanide is the other product formed when ferricvanide reacts a, with hemoglobin to form methemoglobin, a control curve was obtained at a ferrocyanide concentration equal to the ferricyanide concentration used. This control curve agreed within experimental error with that obtained without added ferri-or ferrocyanide.
The shift of the dissociation curve must then be seemingly due to the influence of the methemoglobin and not to the inorganic ions. Qualitatively t#he changes are similar to the effects of COHb but roughly twice as much MetHb as COHb is required to produce a given shift (see also fig. 4 ). The same relative shifts in the curve were found in determinations at (1) pH 6.8, 37OC (2) pH 7.4, 25OC. The effect of methemoglobin formed by ferricyanide is thus independent of species, temperature and pH within the limits tested.
Experiments with methemoglobin made by aerobic oxidation.
Brooks (5) has .
shown that methemoglobin is formed at af unimolecular rate, when hemoglobin is equilibrated for many hours with a gas phase containing 02, the velocity constant depending on the 02 pressure, pH and temperature.
His work provided us with an entirely independent method of making methemoglobin, by means of which we hoped to remove any doubts still remaining that the shift of the dissociation curve might be in some way due to the ferricyanide in spite of the controls already mentioned.
For making methemoglobin by Brooks' method, the hemoglobin was made up in the pH 5.6 phosphate buffer exactly as before but omitting the ferricyanide.
One half of this lot was equilibrated in a tonometer at 37' for 2 hours, at the end of which time its 02 capacity had diminished by 35 per cent and, according to Brooks, an equivalent amount of methemoglobin had been formed.
Both this sample and that not incubated were adjusted approximately to pH 7.4 by adding 1 cc. of 1.923 M K&OS to each 10 cc. of hemoglobin solution, and then evacuating and shaking for five periods of three minutes to remove CO2.
The dissociation curves of these two solutions are shown by dotted lines in figure 1 . The same type of shift is again apparent: in t/he lower half of the curve the shift is the same as with 35 per cent methemoglobin made by ferricyanide, but in the upper half of the curve a greater shift is observed.
The reason for this discrepancy is not clear, but it may be that the incubation at pH 5.6 also caused incipient changes in the globin thus changing slightly the characteristics of the curve.
After 24 hours' incubation at pH 5.6 an obvious change has been found to occur (v. Discussion).
We have not searched for an exact explanation, since tlhe discrepancy was unimport,ant for our purpose, which was to demonstrate qualitativelv the shift due to methemoglobin in the absence of a chemical oxidizing agent such as ferricyanide.
Methemoglobin forms slowlv from oxvgenat!ed hemoglobin solutions or red cells even when they are kept frozen in the solid state.
The chemical mechanism of the change is probably the same as in Brooks' experiments.
It was therefore of some interest to find that hemoglobin solutions prepared from the st)ock of human red cells, after 3 months' storage at -s"C, contained about 12 per cent methemoglobin and 5 per cent inactive hemoglobin, and that the dissociation curve was shifted to the left by an amount agreeing with-that to be expected from the results obtained with methemoglobin prepared bv Brooks' method.
In vivo experiments with nitrite methemoglobin. The action of nitrite on hemoglobin is extremely complicated.
It varies with the molecular ratio of nitrite to hemoglobin, pH, presence or absence of 02 and reducing agents, and possiblv with other factors.
Amongst the products of reaction found under varying conditions in vitro are methemoglobin, NO-hemoglobin and NO-methemoglobin (3, 4, 6, 14, 15, 16, 17) . There seems, however, fairly general agreement that when nitrite is injected intravenously or subcutaneously methemoglobin alone is produced in the red cells up to a maximum value and then as Haldane, Makgill and Mavrogordato (14) were the first to show, the normal hemoglobin is gradually restored.
With intravenous injection of 30 mgm. nitrite per kgm. body weight, Wendel (23) The reducing substances concerned may be glucose and/or lactate (24) . The reversion is complete after 8 to 9 hours; reversal at a similar rate is found if the red cells are withdrawn at the peak of the methemoglobinemia and incubated in vitro at 37OC. These observations afforded us a ready opportunity to test two important questions : 1. Does methemoglobin produced in vivo shift the oxygen hemoglobin dissociation curve just as it does when produced in vitro?
2. When the methemoglobin is reduced back again to normal hemoglobin does the dissociation curve revert to its original position?
The following is a protocol of an experiment on a 17 gram dog to answer these two questions. The train of symptoms through which the dog passed, and the changes in the hemoglobin of his red cells during the course of the experiment are in full accord with the observations of previous workers.
The oxyhemoglobin dissociation curves on the blood samples drawn before, at the height, and at the end of the methemoglobinemia are shown in figure 3 . Equilibration was carried out at a CO2 pressure of 40 mm. Hg, and the blood samples were analyzed promptly before any reduction of methemoglobin could occur. Again there appears the striking shift and change in the shape of the curve in the presence of methemoglobin.
The blood 23 hours after first giving nitrite has however exactly the normal properties and the normal dissociation curve. Since no evidence was found of pigments in the plasma of any of the blood samples, it is inconceivable that new hemoglobin equivalent to two-thirds methemoglobin. We accordingly conclude that the methemoglobin shift of the dissociation curve occurs in vivo and is "reversible."
In vitro experiments with nitrite. One of the curves of figure 4b (solid triangles) shows the oxyhemoglobin dissociation curve of a hemoglobin solution in 0.6 Molar phosphate buffer at pH 7.4 to which NaN02 had been added to a concentration of 0.0014 n/L. The technique of preparing the solution was similar to that used with ferricyanide.
The exact nature of the pigments was not determined; the gross color was that of methemoglobin.
The oxygen capacity was reduced by 56 per cent and the curve shows a shift to the left in the same range as that produced by 56 per cent methemoglobin formed by ferricyanide.
An attempt was made to obtain a dissociation curve on whole heparinized human blood to which -k its volume of 0.055 M NaNO2 had been added in vitro. An exact curve was impossible to obtain since it was found that the oxygen capacity gradually fell from 20 vol. per cent to 11.5 then rose over several hours to 17.4. Furthermore it was found that the drop in 02 capacity was not identical at different 02 pressures and temperatures. It can be concluded however even from this inexact data that the curve was shifted to the left. Additive effect of CO and methemoglobin. The qualitative similarity in the effects of COHb and MetHb on the oxyhemoglobin dissociation curve suggests that a similar mechanism must exist in the two cases. If so, the effects of the two compounds might well be additive when both are simultaneously present. This matter is also of interest to test from the practical angle in view of statements that 1, CO and nitrous fumes are synergistic in their action, a mixture of the two gases being more toxic than either one when breathed alone. Individuals are sometimes exposed simultaneously to these two gases. 2, the toxic action of nitrous fumes may in some cases be in part due to methemoglobin formation (for discussion, see 17) . The results reported in this paper are worthy of discussion both from the clinical and theoretical viewpoints.
Clinical signi$cance.
The definite and reversible shift of the dissociation curve to the left in presence of methemoglobin constitutes, we believe, the first definite proof that presence of methemoglobin in the red cells has an adverse effect on the respiratory function of the blood besides the loss of O2 carrying capacity which methemoglobin formation entails. This new effect of methemoglobin helps to explain the close resemblance mentioned in the introduction between the toxic effects of equal degrees of CO-hemoglobinemia and methemoglobinemia. It suggests that more weight should be given than hitherto to the appearance of methemoglobin in the blood either in poisoning or in drug therapy. Although 20 to 30 per cent methemoglobin should be tolerated well by normal individuals, just as is 20 to 30 per cent CO hemoglobin, more than that would be likely to lead to serious tissue anoxemia quite independently of any direct toxic action of the methemoglobin-producing agent on the tissues. In ill subjects a danger point might well be reached at lower concentrations of methemoglobin, and continued use of the offending drug in the face of mounting methemoglobinemia would only be wise if the drug was for other reasons absolutely essential.
The treatment for methemoglobinemia recommended by Wendel (23) is the administration of methylene blue, which cata%lyxes the enzyme systems of the red cell normally responsible for the reduction of methemoglobin in vivo. He has shown that with intravenous injection of 2 mgm. methylene blue per kilogram weight, the rate of restoration to ordinary hemoglobin is accelerated about fourfold in dogs. Our studies lend point to the further development of such work.
The synergistic effect of CO and nitrous fumes, referred to previously, would be readily explained by the additive effect shown in figure 4b , if methemoglobin as well as CO hemoglobin, were certainly formed in the red cells under such circumstances.
According to von Oettinger's recent review (17), however, the incidence of methemoglobinemia in nitrous fume poisoning is spasmodic and in general far less common than other symptoms, e.g., especially irritation of the respiratory passages and pulmonary edema.
Methemoglobin is probably produced more readily by the NO than by the NO2 present in the nitrous fumes: the latter is naturally apt to be present in excess of the former and at concentrations of 50 to 100 parts per million (IVO2) produces pulmonary irritation within 4 hour.
If a man breathed 75 parts per million nitrous fumes for 1 hour and were to absorb the whole of the fumes into his blood, calculation shows that the oxygen capacity of his blood would only be reduced by 4 per cent assuming a ventilation rate of 10 liters per minute, a blood volume of 5 liters and the development of an equivalent of methemoglobin for every molecule of nitrogen oxide absorbed.
The natural reducing systems of the red cell are capable, according to Wendel (23) , of reducing about 10 per cent of the total hemoglobin of the blood from methemoglobin per hour.
It is thus not surprising that in the majority of cases of nitrous fume poisoning, methemoglobinemia is negligible in comparison with pulmonary and other symptoms.
In case of methemoglobin-producing agents like aniline, which is a frequent source of methemoglobinemia amongst industrial workers, it has been observed that the disappea condition appears m rs more gradually. uch more gradually than after nitrite, and likewise Aniline itself is probably no t the true oxidizing agent, but gives rise to the latter slowly; furthermore, the aniline itself may only be slowly eliminated from the body. In such case the reversibility within the body is much be devised to less apparent than promote excretion with nitrite, and therapeutic measures should or destruction of the noxious agent, as well as reduction of the methemoglobin.
Theoretical interpretation and suggestions. The S-shape of the oxyhemoglobin dissociation curve is now generally explained by the intermediate compound hypothesis which was first put forward in general form by Adair (1, 2) and was subsequently developed in a special form by Pauling (18, 10) this hypothesis the blood hemoglobin molecule, since it contains 4
According to ferrous atoms of iron, reacts with 02 in four stages.
Hb4 + 02 = Hb402
(1) Hb402 + 02 = Hb404 (2) Hb404 + 02 = Hb406 co Hb40s + 02 = Hb408
At very low 02 pressures the principal oxygen compound formed must be the monoxy compound Hb402, and the dissociation curve is practically a straight ROBERT C. DARLING AND F. J. Mr. ROUGHTON line: it soon, however, takes an upward turn, which is assumed to be due to the greater ease of formation of the dioxy compound, Hb404, once an appreciable amount of the monoxy compound has been formed. The Hb404 in turn increases the ease of formation of HbdOs, etc. The S-shape of the CO-hemoglobin dissociation curve is similarly interpreted.
To explain the effect of COHb in increasing the affinity of the residual hemoglobin for 02 ( fig. 4a and 4b) we must postulate that the formation of the monocarbonyl compound Hb&O, etc., not only increases the ease of attachment of further CO molecules, but also increases the ease of attachment of 02 molecules to the residual iron atoms.
According to current conceptions, the iron atoms are solely ferric in the methemoglobin molecule, which may be written (Fe+++)JX in distinction from reduced hemoglobin, in which the iron atoms are ferrous ((Fe++)JX). Since methemoglobin has been found to produce qualitatively the same shift in the oxyhemoglobin dissociation curve as CO-hemoglobin does, we conclude that the oxidation of one or more of the ferrous atoms to ferric must increase the affinity of the remaining ferrous atoms for 02, in a similar but lesser degree than the effect produced by the combination of the same number of ferrous atoms with CO. This then is our interpretation of the results summarized in figures 1 and 2. Two special cases can be conceived in which wholly ferrous and wholly ferric hemoglobin could coexist without mixed ferrous-ferric intermediates being present.
A. If the hemoglobin molecule contains not four but only one atom of iron, as in muscle hemoglobin and chironomus hemoglobin there can be no compounds of intermediate structure.
Conversion of part of the hemoglobin to methemoglobin should not in these cases shift the dissociation curve from its normal position or shape which is that of a rectangular hyperbola. It would be interesting to test this deduction experimentally, and likewise to study the redox potentials of these special hemoglobins+ since the intermediate compound hypothesis has also been considered in the interpretation of the redox potentials of the hemoglobin-methemoglobin system in the case of mammalian blood hemoglobin (9, 21) .
R. If two parts of normal hemoglobin solution ((Fe++)dX) are quickly mixed with one part of hemoglobin solution which has been completely converted to methemoglobin ((Fe +++)4X), the solution just aft,er mixture should contain only completely ferrous and ferric molecules.
If the dissociation curve could be obtained quickly enough there should be either no shift or a much smaller shift than usually found with 33 per cent MetHb.
We did one test of this kind at pH 7.4 with m&hemoglobin made by ferricyanide, but we could not reduce the time of the experiment below 15 minutes, and it is perhaps not surprising that 1 we found the usual shift, for in this length of time the equilibrium between the various intermediates ((Fe++) (Fe +++)sX etc ) might well have been established, especially with the ferricyanide-ferrocyanide system also present and probably speeding up the necessary electron transfers.
To avoid the latter possibility we did a similar experiment at pH 7.4 with methemoglobin made by Brooks' method.
Twenty-four hours' incubation at pH 5.6, ~02 = 20 mm. was, however, necessary to prepare the methemoglobin solution by this method. Unfortunately during this prolonged period a strong reducing agent was found to have developed which rapidly used up the 02 in the equilibrated samples before analyses could be completed.
The nature of this agent was not determined. Success might be attained with the ferricyanide method if the mixing of the hemoglobin solutions and determination of the oxygen equilibrium could be carried out in a fraction of a second by some rapid flow method.
At very high percentages of methemoglobin only the molecules (Fe++) (Fe+++)a-X and (Fe+++)JX should be present and according to the law of mass action the dissociation curve should be a rectangular hyperbola, since the only equilibrium to be considered would be that given by the reaction.
The series of curves in figures 1 and 2 do show a progressive tendency from the S-shape towards the rectangular hyperbola, but we could not work with high enough percentages of methemoglobin (i.e., 95 per cent) to test this idea outright owing to 1, inaccuracies in the 02Hb estimations with solutions of suchlowresidual O2 capacity; 2, the possibility that the reversibility of the system OaHbHb-MetHb-02-ferricyanide-ferrocyanide (v. Introduction) might lead to relatively large variations in the concentration of the reduced hemoglobin free to combine with 02 when the 02 pressure was varied and the total amount of ferrous hemoglobin was low. The latter was not a significant factor with the percentages of methemoglobin used in figures 1 and 2 but might well become so at percentages > 95.
It seems probable that other hemoglobin compounds such as NO hemoglobin, sulfhemoglobin and the various derivatives of methemoglobin would affect the oxyhemoglobin dissociation curve in the same way as CO-hemoglobin and methemoglobin have been shown to do. We have no evidence on the matter, but would suggest that sulfhemoglobin, and possibly also the so-called "inactive" hemoglobin would be of the most practical interest to study first. SUMMARY 1. In mixtures of methemoglobin and ordinary hemoglobin the oxygen dissociation curve is shifted to the left as the methemoglobin percentage increases : the shape also becomes progressively less sigmoid and more hyperbolic. The effect is qualitatively the same but quantitatively less than that produced by CO-hemoglobin.
2. The effect has been demonstrated in a, solutions of ox and human hemoglobin in 0.6 M phosphate with methemoglobin made by ferricyanide, aerobic ROBERT C. DARLING AND F. J. TV. ROUGHTON oxidation or nitrit#e; b, dogs' whole blood during poisoning with nitrite. The size of the effect is the same over the pH range 6.8 to 7.4 and temperature range 25 to 37OC.
3. This effect of methemoglobin is reversible, as is shown by the return of the dissociation curve to normal when the methemoglobin produced in the red cells ,of the dog by nitrite injection, has had time to be completely reduced by the natural enzymic systems of the red cell.
4. The shifts produced by CO-hemoglobin and methemoglobin are additive. 5. This newly discovered effect means that in methemoglobinemia the tissues are liable to anoxemia, not only from loss of oxygen capacity of the blood, but also from increasing difficulty in the unloading from the blood of such oxygen as is available.
Methemoglobinemia should therefore receive more attention in industrial conditions and in drug therapy than hitherto.
6. The mechanism of the effect is believed to be due to the formation of compounds intermediate between reduced hemoglobin (wholly ferrous) and methemoglobin (wholly ferric), the conversion of one or more of the four ferrous atoms in the hemoglobin molecule to ferric leading to an increased affinity of the remaining ferrous atoms for oxygen.
